Invasive growth of cancer cells induces desmoplastic reaction as one of the host reactions. It has been a matter of controversy whether stromal collagen is produced by cancer cells or stromal fibroblasts. In the present study, we investigated the cellular origin of Type I collagen in human gastrointestinal carcinomas by in situ hybridization and immunoelectron microscopy. In situ hybridization technique with digoxigenin-labeled RNA probes revealed that spindleshaped fibroblasts in the stromal area were abundantly positive for transcripts of pro al(1) collagen in intestinal-type adenocarcinoma. Gland-forming carcinoma cells were negative. In diffuse-type carcinoma of the stomach, spindleshaped or stellate fibroblasts were positive, whereas dis-
Introduction
Interaction between cancer cells and the surrounding stroma is one of the key aspects in the mechanism of tumor cell invasion (Liotta et al., 1983) . Increased deposition of stromal collagen (desmoplastic reaction) is one of the major reactions against carcinoma invasion, together with angiogenesis and the immune response. Changes of proteoglycans are also noted in cancer stroma (Iozzo, 1984) . In human gastrointestinal carcinomas, the desmoplastic reaction is observed after carcinoma cells invade beyond the muscularis mucosae. Its major components are Types I and 111 collagen (Minamoto et al., 1988; Lagace et al., 1985; Yamamoto et al., 1984) . Regarding the origin of these stromal collagens, there have been debates as to whether they are produced by stromal fibroblasts (Minamoto et al., 1988; Nagai et al., 1985; Naito et al., 1984) or by cancer cells (Niitsu et al., 1988; Sakakibara et al., 1982) , and no definite conclusion seems to have been reached. One of the present authors has previously described the morphological activation of fibroblasts Correspondence ta H. Ohtani, MD, Dept. of Pathology 11, Tohoku University School of Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai 980,Japan. sociated, oval carcinoma cells were negative. A precise determination of cell type was done by immunoelectron microscopy. Intracellular immunoreactivity for Type I collagen was observed in rough endoplasmic reticulum of fibroblasts (including myofibroblasts) in the stromal area. No defmite reactivity was obtained in cancer cells by either in situ hybridization or immunoelectron microscopy. Our results indicated that stromal Type I collagen is produced by stromal fibroblasts, which are activated by cancer invasion. (JHisro-&em Cyrochem 40:1139-1146, 1992) KEY WORDS: Cancer stroma; Desmoplastic reaction; Collagen; In situ hybridization; Immunoelectron microscopy. in cancer stroma (Ohtani and Sasano, 1983) . These changes were considered to be induced by invasive growth of cancer cells. We then studied the immunoelectron microscopic localization of Type 111 collagen in human gastrointestinal carcinomas (Ohtani and Ooshima, 1990 ), suggesting that most of its cellular origin is from activated fibroblasts. However, the relative paucity of immunoreaction in rough endoplasmic reticulum of fibroblasts has made it difficult to draw a clear conclusion. In situ hybridization technique is a useful tool to identify cells that express specific "As.
However, most of the previous reports used radioactive probes, which have the advantage of obtaining higher sensitivity, but whose morphological preservation was not sufficient for the fine analysis of tissue structure. To improve this, we have adopted a non-radioactive technique using digoxigenin as a hapten. Using differential interference microscopy, we obtained clear recognition of cells. To confirm identification of the cells, we observed the ultrastructural localization of Type I collagen immunoreactivity during the biosynthetic process. We concluded that Type I collagen has its origin in stromal fibroblasts.
In the present report, the term fibrobLastx includes myofibro-Masts. Therefore, the term fibrobLaSt. also corresponds to "fibro-O H " I , KUROIWA, OBINATA, OOSHIMA, NAGURA blastic cells" as reported by Sappino et al. (1990) . Most fibroblasts in cancer stroma had bundles of actin-type microfilaments in their peripheral cytoplasm.
Materials and Methods
Preparation of RNA probes. cDNA for human pro al(1) collagen (Hf677) was kindly supplied by Dr. E Ramirez. Hf677 extends from amino acid residue 787 to 270 nucleotides into the 3' end untranslated region of the pro al(1) collagen "A (Chu et al., 1982) . We observed 62.2% homology between Hf677 and exons 1-7 of pro al(II1) collagen (1098 bases) (Chu et al., 1985) by a computer homology search. Hf677 was subcloned into BlueScript I1 (SK+) (Stratagene; La Jolla, CA). Sense and anti-sense RNA probes were transcribed in vitro from linearized plasmid containing Hf677. by use of digoxigenin-labeled UTF' and T3 or T7 RNA polymerase according to the manufacturer's manual (DIG RNA Labeling Kit SP6lT7; Boehringer, Mannheim, Germany). The size of the probes was reduced from 1.4 KB to 150 B on average by the alkaline treatment (Cox et al., 1984) .
Tissues. Tissue samples were obtained from 26 patients with gastric or colon carcinomas. Gastric carcinomas were histopathologically classified into diffuse (undiffcrentiated) (12 cases) and intestinal (differentiated) types (nine cases) (Lauren, 1965) . Colon carcinomas were either well-or moderately differentiated adenocarcinomas (five cases). They were divided into two groups, gastric carcinoma of the diffuse type and gastric carcinoma of intestinal type plus colorectal carcinoma, on the basis of histological features Ohtani and Ooshima, 1990) . No cases of non-invasive (inuamucosal) carcinoma were included in the present study. Specimens were taken from the invasive growth area beyond the muscularis mucosae immediately after surgical resection, and sliced at a size of 5 x 5 x 2 mm. For controls, non-neoplastic gastric and colon mucosal tissues were obtained in five cases from normal-appearing tissue remote from the cancer site. Granulation tissues from a pilonidal sinus (one case) and gingivitis (three cases) were also used for controls. Tissue fixation and embedding were done as described by Koji et al. (1988) , with modifications. The specimens were fixed in 4% paraformaldehyde solution with 0.1 M sodium cacodylate buffer containing 2 mM CaC12 and 1 mM MgC12 for 4-8 hr. In some cases, the specimens were fixed in the same fixatives by microwave irradiation with the post-fixation procedure either as described by us or by the standard irradiation method (Login et al., 1990) . They were washed in 20% sucrose in PBS with 0.02% diethylpyrocarbonate (DEPC) for 2-4 hr, embedded in OCT compound (Miles; Elkhart, IN), and rapidly frozen in dry ice-acetone. Frozen sections 6 pm thick were mounted on gelatin-coated glass slides, air-dried for 1 hr, and further dried at 45'C for 6 hr to overnight. All the buffers and glassware used for the detection of mRNA had been made RNAse-free.
In Situ Hybridization. Procedures were done as described by Yokouchi et al. (1991) , with minor modifications. Specimens were immersed in cold acetone for 10 min to extract lipid. After drying, the specimens were rehydrated in PBS to remove OCT compound. They were immersed in 0.2 N HCI for 20 min and then incubated in proteinase K (1 pg/ml; Sigma, St Louis, MO) for 10 min at 37°C. After washing in PBS, the specimens were re-fixed in freshly prepared 4% paraformaldehyde in PBS for 5 min, and after that they were immersed in glycine (20 mglml) in PBS, twice for 15 min. Thev were then immersed in 2 x SSC/SO% deionized forma-twice for 5 min; (c) RNAse (Sigma Type la, 20 pglml) treatment for 30 min at 37°C; (d) 2 x SSC/50% formamide for 1 hr at 45'C; (e) 1 x SSC/SO% formamide for 1 hr at 45°C; and (f) 1 x SSC/50% formamide for 30 min at room temperature.
Immunological detection of hybridized probes was done as described by Eutz and Pfeifle (1989) using a Nucleic Acid Detection Kit (Boehringer). Alkaline phosphatase-conjugated F(ab) fragments of anti-digoxigenin antibody were applied at a dilution of 1:500 for 1 hr. After development of precipitation ofthe color reagent, the specimens were mounted with Aquatex (Me& Darmstadt. Germany) without nuclear counterstaining. Photomicrographs were taken with a differential interference microscope. (Olympus; kindly offered by Kyouei Olympus, Japan) using Fuji Neopan F.
Preparation and Specifcity o f h d m l y .
A monodonal antibody against human Type I collagen (clone 8H5, I g G 4 was obtained from cells of a myeloma cell line hybridized with spleen cells from mice immunized with human Type I collagen. The specificity of the antibody was determined by inhibition ELISA and immunoblotting. The antibody recognized a native form of human Type I collagen. No crossreactivity was demonstrated against Type 11,111, IV, V, and VI collagens, laminin, or fibronectin (Ooshima and Muragaki, 1990) .
Immunoelectron Minoscopy. Procedures were done as described by Nakane and Pierce (1966) . with OUT modifications (Ohtani and Sasano, 1987) . Nine cases of gastrointestinal carcinoma were examined. The specimens were fixed in periodate-lysine-paraformaldehyde (PLP) (McLean and Nakane, 1974) for 6 hr. After washing in PBS containing sucrose. they were embedded in OCT compound and frozen. The indirect immunoperoxidase method was applied on frozen sections 6 km thick. The primary antibody was mouse monoclonal antibody against human Typc I collagen (8H5). The secondary antibody was F(ab)'2 fragments of sheep anti-mouse IgG conjugated with horseradish peroxidase (Amersham; Poole, UK). Incubation time of both antigens was 16-24 hr. Penetration of antibodies into rough endoplasmic reticulum and granules was confirmed by us (Ohtani and Sasano, 1987) . Precipitation of diaminobenzidine was visualized by osmification. Negative controls included replacement of the primary antibodies with PBS or irrelevant mouse monoclonal antibodies (anti-ICAM-1 (CD54; Immunotech, Marseille, France), anti-CD68 (Dako, Santa Barbara, CA anti-macrophage)]. They showed no specific reactivity.
Area of Observation. For the study of cancer stroma, areas containing cancer cells were selected. Areas near the ulceration base or areas massively infiltrated with inflammatory cells were excluded in all cases.
Results

Ligbt Microscopic Immunohistochemistry
All cases of invasive carcinoma showed massive reactivity for Type I collagen in the stromal area corresponding to the desmoplastic reaction (Figure 1 ). No carcinoma cells were stained. Identification of positively stained cells was impossible because of the heavy immunoreactivity of collagen fibers.
In Sitzl Hvbria'ization ~.~ . ~ mide. The specimens were incubated with hybridization mixture for 18 hr at 45'C. The composition of hybridization mixture was as follows: 1 m g / d
E.
tRNA, 2o mM Tris-Hcl buffer (pH 8.0), mM Em, Denhardt solution, 300 mM NaC1. 50% deionized fomxj"de, 10% dextran sulfate. The final concentration of the probe was 250 ng/ml. After hybridization, the specimens were washed as follows: (a) 2 x Ssc/)o% formamide for 1 hr at 45'C; (b) 0.5 M NaClllO mM Tris-HC1 buffer (pH 8.0),
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To study normal tissue, tissues from patients with positive reactivity in cancer tissue were selected. No definite signal for pro al (1) m~o s a l a d submucosal tissues in three cases (Figure 2) . In h asive carcinoma, positive reactivity for pro al(1) collagen mRNA was observed in 17 of 26 cases (Eble 1). In most cases, definite signal transcripts was Observed in the gastric and Original magnification x 360. Bar = 10 pm. 
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a In a11 cases examined. signal was observed in spindle-shaped fibroblasts was detected in the peripheral zone of the specimens. In colon carcinoma and gastric carcinoma of the intestinal type, the cytoplasm of spindle-shaped cells was positive in the stromal area (Figure 3a) . A negative control with the sense probe showed no reactivity (Figure 3b ). The number of positively stained cells was usually larger in this group than that in gastric carcinoma of the diffuse type. Carcinoma cells uniformly showed no reactivity (Figure 3a) . In gastric carcinoma of the diffuse type, dissociated carcinoma cells and stromal cells were intermingled (Figure 4) . In situ hybridization with the anti-sense probe revealed that spindleor stellate-shaped cells were positive ( Figure Sa, large arrows) , whereas ovoid-shaped carcinoma cells were all negative ( Figure Sa, small arrows) . A negative control with the sense probe showed no reactivity (Figure 5b ). The reactivity pattern in the stromal cells was essentially the same as that in inflammatory granulation tissue, in which spindle-shaped ach (three cases), labeling in the rER was infrequent or absent in fibroblasts. In three of four cases of typical gastric carcinoma of the intestinal type and colon carcinoma, immunoreactive rER was frequently seen in fibroblasts (Figure 8 ).
Discussion
It is well documented that gastric cancer tissue expresses mRNA for pro-collagens more abundantly than normal tissue (Yoshida et al., 1989) . However, the exact cellular origin has remained undetermined. The present study has clearly shown, for the first time at the mRNA level, that a major cell source of Type I pro-collagen mRNA is stromal spindle-shaped cells. Carcinoma cells had no definite signals for Type I pro-collagen in any of the cases examined. Immunoelectron microscopy confirmed morphologically that the immunoreactive cells were activated fibroblasts (including myofibroblasts). Macrophage-like cells were not labeled. The results of the present study confirmed our previous report on Type 111 collagen (Ohtani and Ooshima, 1990) . Immunolabeling in the cisternae of r~~ indicated protein synthesis, including the translation of mRNA and the accumulation of pro-collagen peptides in the cisternae. There- fibroblasts were positive ( Figure 6 ). Vascular endothelial cells were positive only in one case of gingivitis (data not shown).
There were no remarkable differences in localization patterns of pro al(1) collagen mRNA between the invasion front and the center of the carcinoma. No vascular endothelial cells were positive in carcinoma tissue.
The effect of microwave irradiation was better with Login's standard method (Login et al., 1990) than our previous method . However, no definite improvement of sensitivity was observed after microwave-stimulated fivation as compared with conventional immersion-fixation.
ImmunoeLectron Microscopy
Collagen fibers with periodicity were labeled in all cases examined (data not shown). Besides this finding, six of nine cases exhibited immunoreactivity in the cisternae of rough endoplasmic reticulum (rER) of stromal fibroblasts (Figures 7 and 8 ). whereas no definite labeling was observed in carcinoma cells in any cases (Figure 7 ; Table 2). Neither macrophage-like cells nor endothelial cells were positively stained. Labeling in the Golgi apparatus was rare in stromal fibroblasts. Amorphous immunoreactive substance was detected along the surface of fibroblasts in six cases and along the surface of carcinoma cells in two cases of gastric carcinoma of the diffuse type (data not shown). In typical diffuse-type carcinoma of the stom-fore, our two reports support the theory that stromal fibroblasts produce interstitial collagen in invasive human cancers (Minamoto et al., 1988; Naito et al. 1984) . However, it is evident that some of cancer cell lines express mRNA for Type I and I11 pro-collagens (Yoshida et al., 1989) . We have observed amorphous collagen immunoreactivity near the surface of carcinoma cells. But carcinoma cells neither showed immunolabeling in rER nor had they signals for Type I pro-collagen in human tissues. We assume that this difference comes from the changes that occur under in vitro conditions.
Our results further influence the explanation of increased expression of matrix degradation enzymes in cancer stroma. Stromolysin 3 (Basset et al., 1990) and urokinase-type plasminogen activator (Pyke et al., 1991) were expressed in significantly higher amounts in stromal cells adjacent to the invasive tumor in human breast and colon cancers, respectively. These phenomena were considered to be closely related to the proteolytic events in neighboring tissue at the advancing edge of carcinomas. However, these enzymes may also be closely involved in degradation of newly synthesized and secreted extracellular matrix proteins from stromal cells that are activated by cancer invasion.
Since the normal mucosal tissue showed no positive signals for Type I pro-collagen, we have thus proven a higher rate of production of collagen in cancer stroma. The result was approximately the same as that in inflammatory granulation tissue. This increase of signal is correlated with morphological activation of fibroblasts in the stroma of human colorectal carcinoma (Ohtani and Sasano, 1983) . In the normal mucosa, most stromal fibroblasts are in a quies- cent state. This was contrasted by the marked increase in cell size and volume of rER in fibroblasts in invasive colon carcinoma. We reiterate the need to assess fibroblasts from the viewpoint of cell activation. The mechanism of this stromal activation has been postu-lated to be paracrine; growth factors may be secreted from cancer cells or stromal cells and they may activate stromal fibroblasts (Roberts et al., 1988) . There is also the possibility that smooth muscle cells with "myofibroblastic change" (also referred to as 'Smooth mus-cle cells of secretory type") may take part in the production of collagen, since we have already confirmed the morphological transition from smooth muscle cells to fibroblasts (Ohtani and Sasano, 1983) .
Most of the previous reports using the in situ hybridization technique adopted radioactive probes for the detection of pro-collagen mRNA in tissues (Hurme et al., 1991; Solberg et al., 1991; Larjava et al., 1990; Milani et al., 1990; Prosser et al., 1989; Scharffetter et al., 1989; Hayashi et al., 1986) , except for studies using digoxigenin-labeled DNA probes (Yamada et al., 1991; Aida et al., 1990) . We need much higher resolution for the study of diffusetype carcinoma of the stomach, in which isolated carcinoma cells and stromal cells are closely intermingled. We have proven that non-radioactive in situ hybridization method with an RNA probe is quite efficient because of its high resolution power for cell identification when photomicrographs were taken with the differential interference microscope.
Diffuse-type carcinomas of the stomach usually have a scirrhous stroma, which is characterized by marked deposition of interstitial collagen. The results of the present study suggest a lower production rate of Type I collagen in gastric carcinoma of the diffuse type because of (a) lower occurrence of Type I collagen immunoreactivity in rER of fibroblasts and (b) lower distribution density of cells positive for pro al(1) collagen mRNA. These results are consistent with our previous study on Type 111 collagen (Ohtani and Ooshima, 1990 ). Our present and previous studies suggest that simple overproduction of collagen may not cause the scirrhous stroma of gastric carcinoma. Therefore, we need other approaches, including matrix-degrading enzymes. Morphometric analysis of the results of in situ hybridization was difficult in the present study because of the variability of mRNA preservation among different cases. More reliable methods are required.
In human periodontitis, Type 111 pro-collagen mRNA appears earlier than Type I pro-collagen mRNA (Larjava et al., 1990) . In this study, most of the cancer stroma corresponds to a fibrotic lesion.
This may explain the lower detection rate of Type 111 collagen immunoreactivity in rER of stromal fibroblasts in our previous study.
We have already tested microwave irradiation for fixation . Although this method has the advantage of rapid fixation, it tends to preserve signals in the periphery of specimens and shows no definite improvement of sensitivity for in situ hybridization. Murotani et al. (1990) reported better labeling by microwave fixation for non-radioactive in situ hybridization. These authors did not adopt post-fmtion after microwave irradiation, and they used paraffin blocks. The differences in method may explain the difference of the results.
In conclusion, we have demonstrated that a major source of stromal Type I collagen in human invasive gastrointestinal carcinoma was fibroblasts activated by carcinoma invasion, rather than carcinoma cells. We have also shown the effectiveness of both nonradioactive in situ hybridization and pre-embedding immunoelectron microscopy for determination of the cell origin of secretorytype proteins.
